Hills (1940) was the first to show the existence of the enzyme arginine dihydrolase. Cellular suspensions of representative strains of various serological groups of the streptococci were examined for their ability to liberate ammonia from arginine. The reaction was constructed by Hills as follows: NH2 C=NH NH2 NH (CH2)3
was the first to show the existence of the enzyme arginine dihydrolase. Cellular suspensions of representative strains of various serological groups of the streptococci were examined for their ability to liberate ammonia from arginine. The reaction was constructed by Hills The lack of any breakdown of urea under the experimental conditions led to the conclusion that urease was not present in streptococci and that urea could not be an intermediate in the reaction. Thus it seems likely that the formation of ornithine from arginine by these bacteria occurred by a pathway different from that possessed by arginase of mammalian liver. Niven et al. (1942) tested the ability of streptococci to liberate ammonia from a yeast extract-tryptone-glucose-arginine medium. Every strain which produced ammonia gave a stronger test for ammonia in the medium which contained arginiIne than in the control. Gale (1945) found that the ability of various group D streptococci to utilize arginine was directly related to their arginine dihydrolase activity. It also was reported that cells formed very early in the growth cycle (3 hours) were more active on arginine than cells harvested at a later time. Roche et al. (1948 Roche et al. ( , 1950 indicated that arginine dihydrolase also exists in Pseudomonas ovalis. Examination of the enzyme in this organism is complicated by the presence of a creatinase, creatininase, and glycocyaminase. Pseudomonas species also contain urease (Hino, 1924) .
Our knowledge of the arginine dihydrolase enzyme system is very meager.
No extensive study has yet been reported on the production and properties of the enzyme from any source. In addition, a complete quantitative analysis of the products of the reaction has not been reported. It is the purpose of this paper to present data pertaining to the formation, properties, and kinetics of arginine dihydrolase from streptococci.
MATERIALS AND METHODS
Cultures. The results presented in this report were obtained with 2 strains (DH and D10) of group D streptococci.3
The dihydrolase activity of stock cultures was preserved by vacuum drying (Fry and Greaves, 1951) . Blood agar slants were used for routine transfer, and each week a fresh culture was started from dry material. The continued use of a single agar slant stock culture resulted in a reduced yield of dihydrolase.
The inocula for experimental culture media were prepared from 3 hour cultures in beef heart infusion broth (Abdulla and McLeod, 1939) . The cultures were centrifuged, washed once in distilled water, and resuspended in 0.15 M phosphate buffer, pH 7.4, to the original volume. One-half ml of this suspension was used per liter of culture medium.
Experimental culture media. All media used to produce cells for manometric experiments were prepared in a volume of 100 to 125 ml in Erlenmeyer flasks. The glucose and the phosphate buffer were autoclaved in tap water in separate flasks containing one-third of the final volume. All other ingredients of the medium were sterilized together in distilled water. The flasks were incubated at 37 C, except as otherwise noted.
Cellular suspensions. Cells were harvested by centrifugation, washed once with an equal volume of distilled water, and resuspended in water to a concentration of 10 per cent (wet weight). A dry weight determination of each suspension was made by drying 0.5 ml in a crucible at 106 C for 3 hours. One-half ml of suspension was used per Warburg cup.
Preparation of dry cells. Washed cells were suspended in 5 times their weight of distilled water, frozen in a dry ice-cellosolve mixture, and dried under vacuum.
Determination of ornithine. Ornithine was determined by means of a decarboxylase preparation from a strain of Escherichia coli.4 This culture when grown in the presence of ornithine contains a potent ornithine decarboxylase but is devoid of any decarboxylase action on arginine. Thus, this cell preparation can be used for the determination of ornithine in the presence of arginine. The only other amino acid decarboxylases of significant activity present in the preparation are those for lysine and glutamic acid. The culture medium for the growth of E. coli consisted of casitone,6 1 per cent; DL-ornithine-HCl, 0.5 per cent; yeast extract, 0.5 per cent; glucose, 0.4 per cent; and NaH2PO4, 1 per cent. The pH was adjusted to 6.5. The cells were harvested after an incubation period of 17 hours at 28 C and dried as described previously. The loss of ornithine decarboxylase activity in drying is small, and preparations with a Qco2 500 to 600 are readily obtained.
The enzyme activity is stable when lyophilized cells are stored in vacuo at 2 C.
The enzyme has a pH optimum at 5 and was used for the determination of ornithine at pH 6.0. Under such conditions 2 mg dry cells (Qco, 500) will decarboxylate 5 JIM L-ornithine in approximately 25 mn with a recovery of 97 to 98 per cent. The rate at pH 6 is 75 per cent of maximum. In routine use, 2 mg cells per cup were suspended in 0.3 ml water. Other determinations. Ammonia was determined colorimetrically with the Folin and Wu reagent6 by the procedure of Johnson (1941) , arginine by the Sakaguchi method (1948) , and glucose by the method of Folin and Malmros (1929) . The latter procedure determines "reducing substances" which in this report have been expressed as glucose.
Manometric procedures. All experiments were conducted in a total volume of 3 ml at 37.4 C under an atmosphere of nitrogen. In those experiments in which ornithine was determined, the aqueous suspension of E. coli was placed in the second side arm of the Warburg cup. At the conclusion of the dihydrolase reaction the ornithine decarboxylase preparation was tipped in and the carbon dioxide from ornithine was recorded.
The dihydrolase activities of various ceU preparations were compared on the basis of QCo2. The total quantity of enzyme per 100 ml culture fluid (E units) is the product of the Qco and mg of dry cells.
The alkaline end products formed in the dihydrolase reaction required that at least 0.15 M buffer (final concentration) be employed to maintain the pH when 5 jM arginine were used as substrate.
RESULTS
Proof of the reaction. Table 1 presents analyses of the products formed from arginine under the present conditions. The analyses account for approximately 90 per cent of the substrate originally present. From each mole of arginine there are formed two moles of ammonia and one mole each of carbon dioxide and ornithine. The specific determination of ornithine by the decarboxylase preparation establishes the latter as an end product of the reaction.
Further proof of the identity of the end products from arginine under the present conditions can be cited. Paper chromatograms have shown the disappearance of arginine and the formation of ornithine. Also, the gas evolved during the reaction is absorbed by alkali. Thus, these results show that the two group D strains used in this investigation produced a reaction similar to that presented in reaction (1). Also, it is evident from these results that the determination of dihydrolase activity by measurement of the evolution of carbon dioxide is a valid procedure.
The course of the reaction as a function of time is given in figure 1. It can be seen that after a brief lag period the evolution of carbon dioxide occurred at a constant rate until approximately 80 per cent of the total gas evolved was obtained. Cup contents: 0.5 ml 10 per cent fresh cell suspension (5.0 mg dry weight), 0.5 ml substrate (5 p), 1.0 ml 0.5 M phosphate buffer pH 6.0, water to 3.0 ml. Effect of arginine. Table 2 shows that arginine must be added to the culture medium in order to obtain maximum yields of the dihydrolase. The optimum concentration of arginine was 0.7 to 1.0 per cent and with a concentration of 2 per cent arginine there was a small improvement in cell crop with a 40 per cent decrease in enzyme activity. In the absence of arginine the dihydrolase activity 1952] FORMATON AND PROPERTIES OF ARGININE DIHYDROLASE was low (Qoo, 6) although a good crop of cells was obtained. Such an effect of substrate on enzyme formation is characteristic of an adaptive enzyme.
Data presented in table 4 also illustrate that during culture growth the most active period of dihydrolase formation corresponded to the most active period of arginine fermentation. This activity did not attain significant proportions until a major part of the cell crop had been formed.
Effect of gluco8e. Table 3 shows the effect of increasing the glucose concentration in a medium containing arginine on the dihydrolase activity and the quantity of celLs obtained. The pH was maintained at a constant level. Glucose had no effect on the Qco, at concentrations between 0.3 and 1 per cent. At 2 per cent a decrease in Qco, of 15 to 20 per cent occurred. Culture medium: Casitone, 0.4 per cent; yeast extract, 0.5 per cent; glucose, 0.6 per cent; KHsPO4, 2.0 per cent. Total volume 100 ml. Initial pH 6.5. pH maintained at 6.4-6.7 during growth of culture by periodic addition of 2 N NaOH or 2 N HCO. Five-tenths ml 0.04 per cent alcoholic solution of brom-thymol-blue per flask served as indicator. Incubation 12 hr, 37 C water bath. Strain D10.
Glucose was necessary in order to produce a large yield of cells. A concentration of 0.6 to 1.0 per cent proved adequate. A 2 per cent concentration of glucose resulted in the formation of a large crop of cells; however, the total enzyme produced was no greater than with 1 per cent glucose.
Effect of pH. The optimaum range of pH for the formation of arginine dihydrolase was 6.0 to 6.3. Cultures were held at the following pH levels during growth: 4.8 to 5.1, 6.0 to 6.3, 6.8 to 7.1, 7.5 to 7.7, and 8.0 to 8.2. The optimum range for the formation of the enzyme corresponded closely to the pH range of optum dihydrolase activity in cell suspensions (figure 2). Also Culture medium same as for table 2 except that 1 per cent arginine was added and the final glucose concentrations were as indicated above. Cultural conditions were the same as for table 2 except 5 N NaOH and 5 N HCI were used to control pH. Incubation 13 hr. cells formed during 5 hours of incubation, and this lack of activity was due to the negligible quantity of arginine fermented. Two-thirds of the total cell yield was obtained in 7 hours, and at this point two-thirds of the glucose had been fermented and the breakdown of arginine (1.5 per cent) had just begun. From 7 hours to 14 hours the cell yield increased from 71 to 100 mg per 100 ml and the QCo2 from 82 to 138. During this period over 98 per cent of the arginine was fermented.
The activity of the dihydrolase and the periods of active fermentations of glucose and arginine can also be closely predicted from the pH of the culture. The pH fell rapidly during the first 8.5 hours to a value of 6.3 and at this stage 92 per cent of the enzyme had been formed. No appreciable quantity of arginine was fermented (table 4) until the pH reached 6.5 to 6.3. It will be shown that the latter value lies close to the optimum range of pH for dihydrolase activity. The fermentation of arginine then caused a steady change in pH until a value of 8.1 was reached in 48 hours.
It can be seen also in table 4 that no significant change in Qco occurred during the period in which the pH rose from 6.3 to 8.1. This stability of the di- Cup contents: (a) fresh cells: 0.5 ml 10 per cent fresh cell suspension (4.8 mg dry weight), 0.5 ml substrate (5 Mm), 1.5 ml 0.5 M buffer, water to 3.0 ml. (b) The details of the preparation of this medium are described under "Methods". The adjustment of the phosphate to pH 7.6 ensures that the final pH of the complete medium will be 7.9 to 8.0. At this pH rapid growth occurred from small inocula. Also, the peak dihydrolase activity always existed at the time of harvest (17 hours). One per cent phosphate was sufficient to prevent any inhibition of growth due to accumulation of acid. On the above medium 125 mg dry weight of streptococci per 100 ml have been obtained with a Qco of 140. Cup contents: 0.3 ml 10 per cent fresh cell suspension (5.9 mg dry weight), 0.5 ml substrate, 1.5 ml 0.5 M phosphate buffer pH 6.0, water to 3.0 ml. Stability of enzyme in fresh and dry ceUls. Fresh cells suspended in water and stored at 2 C maintained dihydrolase activity for at least two weeks. Lyophilized celLs resuspended in water showed a similar stability on storage.
Freshly harvested cells were lyophilized with a loss of 15 to 20 per cent and such preparations maintained enzyme activity for at least three months at 4 C in a desiccator. Acetone drying destroyed dihydrolase activity.
Optimum pH for enzyme activity. The optimum pH has been determined manometrically for fresh and lyophilized cells. Both preparations show similar "pH-activity" curves (figure 2). The optimum range lies between 5.8 and 6.3 with maximum activity at approximately 6.0. Roche et al. (1950) have stated that arginine dihydrolase of P. ovalis has an optimum pH range of 6.2 to 6.6. Enzyme 8pecicity. Cells harvested from media containing arginine, glucose, casitone, yeast extract, and phosphate have been tested manometrically under nitrogen at pH 6 on various substances. No gas evolution was obtained from the following: urea, ornithine, arginic acid,7 guanido-acetic acid, agmatine, citrulline, arcaine, creatine, creatinine, and guanylic acid. The action of cell suspensions on urea was further tested by use of the enzyme urease. Urea was determined quantitatively after a cell suspension-urea mixture had been incubated. No breakdown of the urea by the streptococci occurred. These results indicate that under the present conditions the dihydrolase is specific for arginine. The arginine dihydrolase of P. ovalis (Roche et al., 1948 ) is reported to be active on arginic acid and agmatine as well as arginine. The presence of creatininase and glycocyaminase indicates that arginine dihydrolase of Pseudomonas is likely to show less substrate specificity than the arginine dihydrolase of streptococci.
Effect of eub8trate concentration on enzyme activity. Figure 3 illustrates the effect of increasing the concentration of arginine on the rate of the dihydrolase reaction as measured by evolution of CO2. In these experiments readings were made at one minute intervals in order to follow closely the linear release of C02. It is evident that dihydrolase activity was not inhibited by a 3-fold increase in the arginine concentration above the level of saturation. In other experiments a concentration of arginine six times that required to saturate the enzyme showed no inhibitory effects. The curve in figure 3 is typical of a first-order reaction. The Michaelis constant has been determined from the data of figure 3 according to the method of Lineweaver and Burke (1934) and Scatchard (1949) .8 The former method gave a value of 4.5 X 10-3 M and the latter 4.1 X 1O3 M. Krebs and Henseleit (1932) proposed a series of reactions, known as the ornithine cycle, to account for the synthesis of arginine from ornithine by mammalian liver.
DISCUSSION
Step 1 consisted of the combination of C02, NH3, and ornithine to form citrulline, and step 2 consisted of the combination of citrulline and ammonia to form arginine. It can be seen that a reverse of these reactions would correspond to the arginine dihydrolase reaction.
It has been shown here that cell suspensions of streptococci possessing an active arginine dihydrolase system are inactive on citrulline. These Gale (1945, 1951) has pointed out that the Qco of cells grown on a glucosearginine medium was greater in the very early phase of growth (3 hours) as compared to any later stage of the growth cycle. The disappearance of arginine began as soon as growth commenced, and the Qco decreased as the fermentation of arginine progressed. In this investigation it has been found that the breakdown of glucose preceded the disappearance of arginine, and the dihydrolase activity increased as the arginine was removed.
The strains used in the present investigation required the presence of arginine during growth for the formation of dihydrolase to occur. No significant activity has ever been found in any phase of growth on a casein digest medium to which arginine was not added. Additional results (unpublished) have shown that formation of the dihydrolase was reversible. These responses in enzyme formation to the presence of substrate are characteristic of an adaptive enzyme. It is unlikely that the process could be due to selection of arginine-fermenting variants (Monod, 1947 A culture medium consisting of arginine, glucose, enzymatic digest of casein, yeast extract, and buffer was optimum for the production of cells possessing an active arginine dihydrolase system. Arginine dihydrolase was stable in cold storage in both fresh and lyophilized cellular preparations. The optimum pH for both preparations ranged from 5.8 to 6.3 with a peak at 6.0. The activity of the enzyme was not inhibited by a 6-fold increase in concentration of substrate above saturation level, and the dissociation constant of the enzyme-substrate complex has been calculated to be 4.1 X 10-3 M. The enzyme was specific for arginine. Other closely related guanidine compounds were not attacked. Note added in proof: Since this paper was submitted for publication, independent studies on the mechanism of the arginine dihydrolase reaction have been reported. Citrulline has been established as an intermediate with whole cells of Clostridium perfringens by Schmidt et al. (Federation Proc., 11, 283, 1952) and with cell-free extracts of Streptococcus faecalis by Knivett (Biochem. J., 50, XXX, 1952) and Slade (abstracts, Soc. Ill. Bact., pp. 3-4, May, 1952) . The latter has shown that dialyzed extracts of S. faecalis converted arginine to citrulline in the absence of added cofactors. The conversion of citrulline to ornithine, however, required muscle adenylic acid (or adenosinetriphosphate), inorganic phosphate, and divalent ions (Mg++, Mn++) . These studies are continuing. It is proposed that the enzymes concerned be termed arginine desimidase and citrulline ureidase.
Several reports in the Japanese literature have recently become available. Sekine (J. Japan. Biochem. Soc., 18, 217, 1944) showed that cells of S. faecalis converted arginine to citrulline and ammonia. An enzyme was also present which released ammonia from citrulline. Details have been recently published by Akamatsu and Sekine (Japan. J. Biochem., 38, 349-354, 1951) .
